This paper presents the experimental investigations carried out to study the influence of addition of Tungsten Carbide (WC) on the scratch resistance and high-temperature corrosion behaviour of flame-sprayed EWAC 1001 coatings on the AISI H13 steel substrate. The improvement in properties was analysed by conducting various tests such as microstructural analysis, microhardness, and scratch tests. Moreover, high-temperature corrosion tests were carried out on the coated as well as uncoated AISI H13 steel by exposing the material to air oxidation at 700 • C under cyclic conditions. The thermogravimetric technique was used to establish kinetics of corrosion, whereas XRD and SEM/EDAX techniques which were used to analyze the AISI H13 steel with EWAC 1001 coating containing WC showed better resistance to high-temperature corrosion as compared to that of uncoated AISI H13 steel. It is observed that the formation of Cr 2 O 3 , NiO, and NiCr 2 O 4 contributes to the enhancement of high temperature corrosion resistance of the coating. The formation of unprotective Fe 2 O 3 oxide leads to intense spalling and peeling of the scales in the uncoated material. The results presented in this paper would be beneficial for improving properties of tools used in the die-casting industry.
Introduction
Molten aluminium corrosion is one of the major problems in the aluminium production industry since the molten aluminium reacts with nearly all metals and metal oxides [1] . These days the most frequently used die materials are hot work tool steels such as AISI H11 and AISI H13 grades [2] . Moreover, aluminum casting dies fail due to the following reasons: (a) fatigue cracking of the die surface induced by thermal cycling or heat chocking; (b) molten aluminum corrosion or soldering; (c) erosion wear by molten aluminum; or (d) catastrophic failure [2, 3] . The corrosion wear originates by dissolution of the tool material into the liquid metal and the formation of intermetallic phases. There has been continuous research on surface modification of die steels as the die repair and replacement cost is expensive and unaffordable for many Die Casting industries.
The iron-based crucibles are subjected to rapid corrosion leading to the contamination of the molten aluminium when the protective coating fails [4] . In order to protect the crucibles and the cast dies against thermal cycling-induced fatigue cracking, there is a need to form a chemically stable and strong bonding layer on their surfaces. It is important to understand the nature of all types of environmental degradation of metals and alloys as vividly as possible. Preventive measures against metal loss and failures should be economically devised to ensure safety and reliability in the use of metallic components. At present, methods to minimize the extent of high temperature corrosion have been identified [5] . However, considerable research effort is needed for a quantitative evaluation of these methods under conditions of interest in the casting die materials.
A number of investigations on Physical Vapor Deposition (PVD) coating (TiN, TiAlN, and CrN) of die materials (AISI 2 ISRN Materials Science H10, H13, and H19) have been reported and the results show that these coatings provide good resistance to corrosion in molten aluminium [6, 7] . In addition to PVD Coating, the Flame Spray Coating process is one of the most widely used technique to prepare composite structural parts to obtain required mechanical strength properties as well as inhibition of oxidation and other corrosive degradation processes. The main advantage of flame spray technique is that it enables a whole range of materials including metals and alloys to a great variety of substrate types and geometries. Due to significant improvements in the construction and technology of oxyacetylene torches, high particle velocities in the range of 200-300 m/s can be obtained, which generate high combustion and particle temperatures (2600 • C) [8] .
The adhesion and/or cohesion of thermally sprayed coatings is generally measured by the tensile test method (ASTM C633), which has certain drawbacks due to a complex experimental setup and necessity of glue with high-bond strength [9, 10] . An alternative method known as scratch testing on the cross-section of the sample was proposed in the 1990s although it was never really developed [11, 12] . Moreover, scratch testing method is relatively easy to use especially in industrial areas or as a complement to tensile testing. The mechanism of scratch is suggested to correlate well with damage mechanism occurring at abrasive wear [13] . An appropriate interpretation of load versus acoustic activity at the test can also be useful to estimate the thin coating toughness [14] .
EWAC 1001 coatings modified by the addition of 20% WC were proved [15] excellent candidates for providing protection against abrasive wear. Specifically, these coating materials often contain WC and CrC particles as per needs to improve the abrasive wear resistance. The major benefit in addition of high fraction of WC particles is the increase in hardness while chromium matrix provides the desired toughness [16, 17] . It has also been reported that the hardness of Co base coating depends on microstructural parameters such as fraction of soft matrix and type, size, shape and fraction of carbide particles [18, 19] . It is also widely known that EWAC 1006EE is a Co-Cr-W-Ni-C base surfacing alloy which can be easily deposited using lowcost flame-spraying method and is, therefore, of greater commercial importance for abrasive wear applications [15] .
AISI H13 is a high-strength steel that is frequently employed in industry due to its extraordinary shock resistance. Thermal fatigue cracking is one of the most important lifelimiting tool failure mechanisms in aluminium and brass die casting. Thermal fatigue cracking results from the rapid alternations in die surface temperature, which may induce stresses high enough to impose an increment of plastic strain in the tool surface during each casting cycle leading to surface cracks. While the benefits of WC with EWAC 1001 to improve the wear resistance of tool steels are recognized [15] , its cyclic air oxidation performance at elevated temperatures is not well established. Despite the importance of this tool material, to the best of the author's knowledge, the high temperature corrosion behavior of EWAC 1001-coated AISI H13 steel is not reported in the specialized literature. Cleaning of substrate using acetone -2
The pressure of the oxygen 3 kPa 3
The pressure of acetylene 1.2 kPa 4
Torch angle with respect to plate 60 • 5
Distance of torch tip from the substrate 20 mm 6
Torch speed 0.10 m/min 7
Preheat temperatures 300 • C The scope of the present investigation is to explore the improvement of corrosion resistance of AISI H13 steels after EWAC 1001 coating by flame spray technique. The objective of the present research work is to characterize the EWAC 1001 and EWAC 1001 + WC (20%) flamesprayed coatings on the AISI H13 steel and to evaluate the oxidation behavior of coated and uncoated H13 steel in an air oxidation environment at 700 • C under cyclic conditions. The characterizations of the coatings and corrosion products have been done using the combined techniques of optical microscopy, X-ray diffraction (XRD), and scanning electron microscopy/energy-dispersive analysis (SEM/EDAX).
Experimentation
AISI H13 steel with chemical composition weight percentage 0.4 C, 5.13 Cr, 1.33 V, 1.00 Mo, 1.00 Si, and remaining Fe was used as a substrate. The specimen size cut from steel plate is ∼20 × 15 × 5 mm 3 . These specimens were polished and grit blasted by sand blast (Grit 60) before coating. Commercial coating powder EWAC 1001 and modified EWAC 1001 by adding WC (20%) were deposited by flame spraying process, and the chemical composition for these powders are shown in Table 1 . The observation of the powders in Scanning Electron Microscope of powders ( Figure 1 ) showed that the particles had a spherical morphology with dendritic structure. Moreover, the sizes of the larger particles were around 44 µm. In addition to that, there is no noticeable size difference between original and modified powders. During the coating process, roughly 228 µm thick coatings were deposited by commercial flame spray apparatus. This process operates with oxygen-acetylene as input gases, and the spraying parameters are listed in Table 2 . For facilitating the metallurgical examination, the specimens were sectioned, mounted, and polished after the deposition. In order to study the microstructure and porosity, the coated samples were examined under a metallurgical microscope. The porosity measurements were obtained using image analyzer (Material Pro 3.0), and the coatings were analyzed by SEM, EDAX, and XRD techniques for studying the phase composition. A microhardness tester (SMV-1000 series) was used to study the microhardness at cross-sections of the deposits with a load of l00 g for duration of 10 seconds. Scratch test was performed using a commercial microscratch tester (DUCOM, TR104, India) to evaluate the scratch resistance of the coatings. A spherical Rockwell C diamond stylus of 100 µm radius was used to produce the scratch. The test was carried out under ramp loading mode with the load ranging from 20 N to 200 N. The loading was varied in steps of 2 N/mm, and the stylus scanned the coating surface perpendicularly at a speed of 0.5 mm/s. The total length of the scratch scar was 10 mm. The critical load was calculated from the plot by measuring the change in the slope of the traction forces.
Corrosion studies were performed on uncoated AISI H13 steel and that coated with modified EWAC 1001 powder. Cyclic air oxidation studies were performed for 50 cycles, with each cycle consisting of 1 h heating at 700 • C, followed by 20 min cooling at room temperature. The aim of cyclic loading is to create severe conditions for testing. These studies were performed for uncoated and coated samples for the purpose of comparison. The samples were mirrorpolished, down to 1 µm alumina wheel cloth polishing before corrosion studies. Weight-change measurements were taken at the end of each cycle using an electronic balance (Ohaus-Adventure Pro AVG264C) with a sensitivity of 1 mg. At the time of weighing, the spalled scales were also included to determine the total rate of corrosion. Efforts were made to formulate the kinetics of corrosion. The surface of the corroded specimens was visually observed to record color, spalling, and peeling of scale during cyclic corrosion. The samples after the corrosion run were examined by SEM, EDAX, and XRD for surface analysis. The samples were then cut and mounted for cross-sectional analysis by EDAX and EPMA.
Result and Discussion
EWAC 1001 and modified EWAC 1001 coatings have been formulated successfully by flame spray technique on AISI H13 steels using Oxygen-acetylene gas. The photographs of coated and uncoated samples are shown in Figure 2 . The thickness of coating was measured with micrograph which is in the range of 200-228 µm shown in Figure 3 . The porosity for as-sprayed EWAC 1001 coating is in the range of 2.88-4.42%. The porosity values of sprayed EWAC 1001 coatings are within the range of porosity values observed for flame spray using propane fuel coating by Wang and Lee [20] .
The critical hardness values of the substrate steels were found to be in the range of 380-490 Hv. The microhardness of the EWAC 1001 coatings was measured to be around 890 Hv and is almost identical to the findings of Scrivani et al. [21] which is evident from the hardness profiles presented in Figure 4 . The hardness value for EWAC 1001 + WC (20%) is around 965 Hv, which is higher than EWAC 1001 coatings. This being mainly due to higher concentration of tungsten monocarbide crystals (WC) well dispersed in the continuous Ni matrix. X-ray diffraction analysis further confirmed the presence of WC in this coating. Further, the scratch resistance of the coatings was tested by measuring the critical load required to remove the coating from the substrate using scratch tester. The highest critical loads 149 N and 170 N were obtained for the EWAC 1001 and modified EWAC 1001 by addition of 20% WC, respectively, indicating that WC has enhanced scratch resistance. Micrographs of EWAC 1001 of scratch tracks are presented in Figure 5 (a). The scratch groove of EWAC 1001 coating was much deeper with a larger width and minute cracks and a small deformation. In the case of modified EWAC 1001 coating, slight damages were noticed around the grooves indicating that the cause of failure is due to ductile fracture Figure 5 (b). The poor scratch resistance of EWAC 1001 coating is mainly due to the presence of weakly consolidated splats and pores, whereas the higher scratch resistance of modified EWAC 1001 coating is attributed to the presence of melted splats. On the other hand, the highest scratch resistance of modified EWAC 1001 coating is due to the higher adhesion, hardness, and less porosity of the coating.
In modified EWAC 1001 flame-sprayed AISI H13 steel, the morphological investigations using SEM has revealed irregular coarse splats with distinct boundaries as evident in Figure 6 . Moreover, it was observed that the distribution of secondary phase was in the form of globules with presence of some oxide stringers and open pores. SEM/EDAX analysis indicates a matrix which contains 69.52% Ni, 26.15% Cr, and 4.96% W (Figure 7) . From the SEM micrographs, it was observed that there are areas depleted of W in the matrix, and there are black areas which are rich in Ni. There is presence of Ni-rich and chromium-depleted nodules in the matrix.
The photographs of coated and uncoated samples after corrosion treatment are shown in Figure 8 terms of weight gain/unit area for the bared AISI H13 steel and modified EWAC 1001 is presented in Figure 9 , where the protective behavior of modified EWAC 1001 coating is clearly visible. Notably, appreciable increase in weight gain is observed after air oxidation at 700 • C in modified EWAC 1001 coating. Nevertheless, bare AISI H13 steel has suffered accelerated rate of corrosion, which is almost thrice the oxidation rate of coated AISI H13 steel. The parabolic rate constants (K p ) ( Figure 10 ) for bare and EWAC-coated AISI H13 steels exposed under air oxidation were found out by slope of the linear regression fitted line (cumulative weight gain/area) 2 and are calculated as 0.381 and 0.138K p × 10 −6 (g 2 cm −4 S −1 ), respectively. Since the K p values of the coated specimen are less, it is observed that modified EWAC 1001 coating has behaved well during air oxidation. Similar observation has been made by Schmidt and Ferriss [22] showing outstanding behaviour of cobalt base Tribaloy in corrosion tests indicating low or moderate weight loss. Natesan [23] has also reported the superior corrosion resistance of Stellite 6B alloy in mixed gas environment.
The XRD patterns for the corroded surfaces of uncoated and coated AISI H13 steel exposed to air oxidation environment at 700 • C after 50 cycles are shown in Figure 11 In XRD studies on hot corroded EWAC 1001 + 20% WC samples, the presence of WC along with small amounts of tungsten hemicarbide W 2 C is revealed. This result is attributed to higher flame velocity and flame temperature in flame spray process. These conditions have successfully limited the decomposition process during coating. Similar peaks have also been observed by Stewart et al. [24] and Sahraoui et al. [25] .
SEM/EDAX analysis for bare AISI H13 steel after air oxidation shows the presence of distorted grains, and the presence of iron oxide in the surface scale is observed (Figure 12(a) ). Further, diffusion of iron from the substrates and oxidation on the top layer of scale had been indicated. The scale morphology for EWAC 1001 + 20% WC-coated steel after oxidation in air at 700 • C is observed as a two-phase structure (Figure 12(b) ). The EDAX analysis for coated AISI H13 steel indicates that top scale consists of oxides of Ni and Cr, and the spalled region is rich in Ni. The internal oxidation in case of plasma spray coatings had also been reported by Niranatlumpong et al. [26] and Evans and Taylor [27] and had been attributed to porosity. The cracking of oxide scale as observed in the present study in air at 700 • C might be attributed to the different composition of coatings, substrate, and oxides formed. As a result of this different composition, the difference in thermal expansion coefficients inevitably results in thermal-stresses as suggested by Rapp et al. [28, 29] and Liu et al. [30] . Further, the small cracks developed in the scale and coatings due to mechanical and thermal shock are believed to be sealed by the oxide protrusion from the beneath. These results in sealing of the cracks in case of coated specimens during corrosion which tends to eliminate any significant increase in weight gain. EDAX analysis on bare AISI H13 confirmed the presence of Fe 2 O 3 on upper scale subsequently followed by Fe 2 O 3 and Cr 2 O 3 on the subscale which is found to be coexisting. This can be attributed to depletion of iron to form oxides in the upper scale, thereby leaving behind chromium-rich pockets, which further get oxidised to form oxides of chromium in the inner scale. Similar observations can be found in hot corrosion studies of low alloy steels [31] . The EDAX analysis for EWAC 1001 + 20% WC-coated AISI H13, the spinels of nickel and chromium along with chromium oxide in the top scale might has also contributed to the protection of the base steel. The oxides and spinels of nickel and chromium, in the reaction layer between substrate and coating layer might be responsible for blocking the transport of species through it. The oxides of nickel and some amount of chromium may also have played their role for the reduction in total weight gain values as compared to the uncoated steel.
Niranatlumpong et al. [26] also suggested increase in the pore size of Ni and Cr in the scale with increase in exposure time. This allows the degrading species to penetrate through the coating thereby resulting in the oxidation of substrate steels. In case of EWAC 1001 coating, the beneficial effect may be due to the formation of NiCr 2 O 4 spinel and presence of continuous Cr 2 O 3 layer at scale-substrate interface. Luthra [32] 
Conclusion
In the present investigation, the effect of flame spray coating on high temperature corrosion in air oxidation environment at 700 • C has been studied. The cumulative properties of coated and uncoated AISI H13 steel are shown in Table 3 and the conclusions are as follows.
(a) Flame spray with oxy-acetylene as fuel gas has successfully been used to spray EWAC 1001 coatings on AISI H13 steel in the thickness range of 220-228 µm. (b) The coating of EWAC 1001 + WC (20%) shows the best quality in terms of hardness, porosity, scratch, and high-temperature corrosion properties as compared to EWAC 1001.
(c) Microhardness measurement through the crosssection of coating showed that the both coatings have slightly higher hardness as compared to the substrate material.
(d) The scratch method can reveal substantial information about the quality of the coating and its scratch resistance properties. Higher critical load was noticed on EWAC 1001 + (20%) WC-coating as compared to EWAC1001-coated AISI H13 steel.
(e) The weight gain of the coated and uncoated specimens follows a parabolic law during air oxidation at 700 • C, and the parabolic rate constant (K p ) of uncoated specimen is almost thrice the oxidation rate of coated AISI H13 steel.
ISRN Materials Science 9 (f) The uncoated substrate steel showed intense spalling, peeling off scale and weight gain was enormous during high temperature air oxidation studies at 700 • C. Moreover, Fe 2 O 3 was identified as the major phase by XRD and EDAX analysis in the scale of uncoated AISI H13 steel.
(g) The presence of NiCr 2 O 4 , Cr 2 O 3 , and NiO has contributed to increase the oxidation resistance of EWAC 1001 + (20%) WC-coated specimen.
(h) The flame spray modified EWAC 1001 coating confirmed the enhancement of mechanical and high temperature corrosion properties.
(i) AISI H13 steel could be coated by EWAC 1001 + WC (20%) using flame spray technique to enhance the corrosion resistance at cyclic air oxidation environment at 700 • C.
